Background: The links between pollution, institutions, and economic growth may be not so univocal as argued in the literature, as these factors may influence each other since some reverse causality may exist between them. The understanding of this relationship is important for identifying appropriate policies for sustainable development. Methods: We investigate the long-run relationship between pollution, institutions, and economic growth, considering as variables carbon dioxide emissions, rule of law, and income. The model offers an analysis of causality direction using a panel-VAR approach for the period 1996-2010 for 33 high-income countries that include advanced, emerging, and former-transition economies.
Background

Introduction
The goals of sustainable development cannot be achieved without incurring in two important factors. One is the state intervention and, therefore, the quality of governance. In fact, environmental protection measures are rarely adopted without regulatory stimuli. The other factor, tightly linked to the first one, is the quality of institutional context. Institutions determine the implementation and outcome of governmental policies, reflecting the capacity to manage environmental issues. The quality of institutions influences the degree by which a society is involved in the process of environmental renaissance. Stronger institutions imply environmental awareness, thus opting for environmental protection as an active sustainability policy. The above mechanism is, as argued, strongly tied with economic growth since stronger institutional context enhances the process of economic development.
It is often maintained that an increase in income coming from the reinforcement of institutions implies an increase in demand for environmental protection, leading to pollution abatement. Therefore, the reinforcement of the institutional context can create a win-win situation in the sense that it may improve both environmental protection and the level of income of a country. Alternatively, if the reinforcement of the institutional context does not imply an increase in income, environmental protection is more difficult to implement. A similar mechanism can be addressed to the role of income that enhances institutional enforcement and, therefore, pollution abatement. In turn, as argued, pollution should be given only a partial role in the reverse causality direction. However, the increase of pollution could imply greater income if we consider emerging and developing countries that do possess strong institutional context, but it should not be so in developed economies where strong institutions contribute to abate pollution.
An example of these scenarios is the development of shale mining that has started in recent years in different countries. Given its potentially negative impact on environment, shale mining can represent an opportunity for environmentally friendly economic growth in the countries that have stringent institutions [1] . At the same time, economic growth that is accompanied by severe environmental damage is the threat that countries with a still weak institutional context may face [2] .
Although there exists a wide range of literature focusing on the relationship between economic growth, environmental quality, and institutional context, little attention has been paid to their causal relationship. Most of these studies have considered a unidirectional causal relationship, treating income, emissions, or institutions as exogenous variables [3] [4] [5] . While, we argue that reverse causality may exist. This study improves upon previous studies by providing the evidence of the existence of a long-term relationship between rule of law, carbon dioxide emissions, and income per capita and by investigating the endogeneity of the three variables in a panel data of high-income countries for the period from 1996 to 2010. For the best of our knowledge, no empirical evidence has yet emerged regarding this issue.
Related literature
As known from the literature, stronger institutional context enhances the process of economic development and growth [6] [7] [8] . At the same time, economic growth has itself an important impact on environmental quality. Numerous authors demonstrate that the level of pollution increases gradually starting from lower levels of per capita income but then decreases, after reaching a peak at higher levels of income [9, 10] .
As for the links between environment and institutions, numerous scholars have demonstrated that the successful implementation of environmental policies is determined by institutional strength. For example, corruption has been shown to have a negative effect on environmental quality, undermining the effectiveness of environmental policies [3, 11, 12] . In contrast, strong institutions in the form of political liberties, civil rights, and democracy positively contribute to environmental quality [13] , as have secure property rights [4] and legal protection [14] . Reinforcement of the rule of law is found to reduce the degree of environmental damage and to enhance the application of sustainable policies [15, 16] . Finally, economic openness [17] and flexible state policies [18] are proved to incentivise the adoption of environmental technologies. Other studies analyze the diffusion of new environmental technologies and the level of pollution in relation to persisting rent-seeking activities and the corruption of economic agents [19] [20] [21] .
Finally, from a methodological point of view, our work is related to [22] where the link between economic openness, pollution, and income is analyzed by applying the Vector Autoregression methodology (VAR) to crosssection data of heterogeneous countries. Despite some differences in the specification of the empirical model and estimation methodologies, the distinguishing feature of our paper is the analysis of the interdependence between pollution, institutional context, and economic growth for high-income economies. In particular, we focus our attention to the analysis of causality direction between three important factors regarding sustainable development: carbon dioxide emissions, rule of law, and income per capita, using a panel-VAR approach.
Methods
High-income countries: income, rule of law, and carbon dioxide emissions Although the causality relationship between environmental quality, institutions, and income is expected to be heterogeneous among countries, an important emphasis in understanding this relationship should be given to high-income economies. The rationality behind this is that high-income economies constitute a model for making comparisons for other countries since these countries normally define the rules of the game in a sustainability perspective. This is done not only by setting environmental regulations but also by their enforcement assured by their more stringent institutional context. It should be noted that, although these economies are part of the same income group, their points of departure are very different, given that their similar levels of income are obtained by different environmental tendencies. In fact, among these countries, there are mature economies, characterized by intensive domestic consumption and transferring production processes abroad together with the emission of pollutants. There are also emerging economies that rely upon resources exportation or importation of production processes at home markets which damage their environment. Some former-transition countries are part of the highincome group. These countries have not yet started to transfer their production processes abroad and have therefore a larger domestic production.
As for an institutional indicator, we take into consideration the rule of law given its importance for the implementation of environmental policy as well as for social awareness of environmental sustainability. Although some studies take into account the rule of law [23] [24] [25] , to the best of our knowledge, there are very few works [26, 27, 15] that analyze this institution from an environmental perspective. As for the choice of the pollutant, we concentrate our attention to carbon dioxide, which is one of the most considered energy-related pollutant and a major source of the greenhouse effect. As known, one of the primary sustainability challenges consists in the transition of energy to sustainable energy supply systems aimed at the reduction of carbon dioxide emissions. The reduction of this type of pollution is always socially mediated through environmental policies, primarily through energy policies, and rarely occurs by natural forces. Clearly, the observable trends of carbon dioxide emissions are expected to reflect the degree of environmental awareness of the society as well as the functionality of sustainability-oriented policies.
The relationship between economic development, environmental quality, and institutional enforcement can be described as follows. The rule of law enforcement leads to an increase in income that brings about higher pollution in early stages of economic development. However, the increase in income induced by institutional development causes economic agents to increase the demand for a clean environment. Consequently, a country tends to follow a pattern of rising pollution levels as institutional development proceeds, which will be accompanied by declining pollution and better institutional quality at a more advanced stage of economic development.
These linkages are illustrated in Fig. 1 for 33 high-income economies, classified by the World Bank, that include 18 developed, 8 emerging, as well as 7 post-transition economies. The figure shows the distribution of income, carbon dioxide, and rule of law among the countries. The height of bars corresponds to the percentage of a country's values of each variable (income, rule of law, and emissions) with respect to the country with the highest value of these variables, considering the mean value of the period. As can be seen, despite some exceptions, countries with higher levels of pollution are also those that have lower levels of rule of law. Moreover, although there are no highly accentuated differences in income, since the countries belong to the same income group, it can be noted that countries that produce higher pollution rates have also lower income levels. In fact, among the first ten countries with the higher carbon dioxide emissions, eight belong to emerging or post-transition economies.
Model and data
The relationship between the three variables is estimated by applying the vector autoregression model for panel data, a technique that "combines the traditional VAR approach, which treats all the variables in the system as endogenous, with the panel-data approach, which allows for unobserved individual heterogeneity" [28] . The model specified as a first-order VAR, in the reduced form, can be expressed in the following way:
where y it is a (3 × 1) vector of our variables (rule of law, pollution, and income), f i is a vector of country-specific effects, d t is a vector of time effect, and u it is an independent and identically distributed (i.i.d.) disturbance vector.
The vector of country-specific effects is a necessary part of the model, given that in applying a panel-VAR, the restriction that the underlying structure is the same for each cross-sectional unit is required [28] . In order to allow for individual heterogeneity in the levels, fixed effects are introduced and denoted by f i in the model. Following [28] and [29] , the variables are time-demeaned and the fixed individual effects are removed by the Helmert transformation method. This procedure removes the mean of all the future observations available for each country-year. This transformation preserves the orthogonality between transformed variables and lagged regressors so that according to the abovementioned authors [28] and [29] , lagged regressors can be used as instruments to estimate the coefficients by GMM. Finally, countryspecific time dummies (d t ) are added to the model to capture aggregate, country-specific macro shocks that may affect countries in the same way. These dummies are eliminated by subtracting the means of each variable calculated for each country-year (see [28] for more details).
As noted above, the panel data contains 33 highincome countries, classified by the World Bank for the period from 1996 to 2010. The sample contains countries that are unified by income criteria as they are classified by the World Bank as high-income countries. That is a good starting point, since our aim is to verify a longrun relationship using countries that were not "cherry picked" to fit ex-ante criteria. For example, they do not all belong to the same "club," such as the OECD, where the accession procedure is complex as it involves a series of examinations to assess a country's ability to meet OECD standards in a wide range of policy areas. For us, it is most important to see if countries that had different patterns of development register the same relationship between income, pollution, and the rule of law.
The income variable (GDP), expressed as GDP per capita (in constant 2005 US$) as well as the pollution variable (Poll), expressed as carbon dioxide emissions per capita (in kg per 2011 PPP $ of GDP), are taken from [30] . The index of rule of law (RoL) that varies from −2.5 to +2.5 is provided by [31] . Table 1 displays a summary statistics of our variables.
Results and discussion
The first step of our analysis is to provide the unit root test of our variables. There is a variety of methods proposed for implementing the stationarity tests for panel data, and each has been widely used in the literature of applied economics. In this study, five stationarity tests are used: LLC [32] , IPS [33] , Breitung [34] , Fisher [35] , and the Hadri [36] . The results are shown in Table 2 . The five tests have different null hypotheses. In particular, the first four tests have the null hypothesis of nonstationarity (I(1) behavior), while the Hadri test has a null of stationarity (I(0) behavior). With the exception of the LLC test, which confirms that RoL and Poll are stationary variables, all the other tests display that the variables appear to be non-stationary in level but stationary in the first differences, taking into account the logarithms for GDP and Poll.
We, therefore, provide cointegration tests (Table 3 ) based on error correction, developed by [37] for panel data. The null hypothesis of these tests is the absence of cointegration. The Ga and Gt statistics test if cointegration exists for at least one observation. The Pa and Pt statistics pool information over all the cross-sectional units to test whether there exists cointegration for the panel as a whole. According to our results, cointegration can be accepted only at 10 % and not in all cases. Since the level of significance is very low, we can proceed to estimate the vector auto-regressive model.
The estimation results of panel-VAR for high-income countries, shown in Table 4 , demonstrate the long-run relationship between income, pollution, and the rule of law. The results show that in these countries, income Table 4 ), while a stronger rule of law leads to a higher degree of GDP per capita (Eq. 1 in Table 4 ) and a lower level of pollution (Eq. 3 in Table 4 ). This means that wealthier countries are in a virtuous cycle since by reinforcing their rule of law they produce higher income that in turn calls for a stronger institutional context. Interestingly, the results demonstrate that the institutional context plays an important role in increasing environmental protection: a high rule of law implies lower emission levels (Eq. 3 in Table 4 ), while, as expected, pollution has no influence on the rule of law (Eq. 2 in Table 4 ). The relationship between income and pollution (Eqs. 1 and 3 in Table 4 ) is not significant. We would expect that either intensive economic activity should produce more pollution due to production and consumption or, on the contrary, intensive economic activity should produce less pollution due to environmental awareness. The fact that income may not influence pollution and vice versa could be given to the different stages of economic development of emerging, former-transition, and developed economies, and, consequently, for their heterogeneous degree of environmental protection.
The final step of this analysis is to evaluate impulse responses that refer to the effect of a shock in a variable on the other variables in the model. As it can be seen from Table 5 , the shocks have either a positive or negative impact on the rule of law, pollution, and income. The impulse responses are consistent with the results obtained by VAR analysis and confirm our previous findings. It should however be noted that the estimated impulse responses are characterized by the shocks that appear to have persistent effects. As Table 5 demonstrates, the impulse responses are significantly different from zero, which suggests that shocks may have persistent influence in our framework.
Conclusions
Our paper contributes to the understanding of the relationship between environmental quality, institutional context, and economic growth. As known, some links of the above relationship have already been emphasized in the literature. In fact, there is a large consensus on the positive contribution of institutions to economic development and environmental quality. A smaller consensus is expressed on the impact of economic development on the environment that is found to be positive or negative, depending on the stage of the economic development itself. At the same time, to the best of our knowledge, there is very little contribution on the causality relationships between the above three variables that, as we argue, play a crucial role for economic policies that search to reconcile growth and a clean environment. Our work aims, therefore, to fill in these lacunae and investigates on a long-run causal relationship between carbon emissions, rule of law, and income.
We claim that this relationship has a particular importance for high-income economies that, as global country leaders, plays a decisive role in determining The three variable VAR model is estimated by GMM; country-time and fixed effects are removed prior to estimation. Reported numbers show the coefficients of regressing the row variables on lags of the column variables. Heteroskedasticity adjusted t-statistics are reported ***Indicates significance at 1 % level; **indicates significance at 5 % level; *indicates significance at 10 % level global environmental quality through both their economic and sustainability policies. For this reason, we implemented in our analysis a set of panel data that considers 33 high-income countries of World Bank classification (that includes developed as well as former-transition and emerging economies) for a period of 13 years (1996-2010).
Our results confirmed the presence of a complex relationship between carbon dioxide emissions, rule of law index, and income per capita in a set of panel data. They demonstrated a positive double causality long-run relationship between the rule of law and income per capita, indicating that as income increases, more respect for the rule of law is acquired and vice versa. We also found that the rule of law has a negative relationship with pollution, confirming that the enforcement of rules is "a conditio sine qua non" to control pollution, while the reverse causality, i.e., that pollution influences the rule of law, does not hold. Moreover, the results demonstrated that pollution and income have no double causality relationship. This can be explained by the different stages of economic development of emerging, former-transition, and developed economies, which implies heterogeneity in environmental protection. We can conclude that, in high-income economies, a reinforcement of the rule of law leads to a win-win situation, where stronger institutions increase the levels of income and vice versa, with pollution reduction generated by institutional stringency and high income.
As an overall result, we can affirm that the rule of law is an institution that works in-between economic growth and environment. From these findings, some important policy implications can be drawn. Firstly, policy makers that aim to enhance economic growth can use this institution and be aware that it would promote not only growth but, in turn, would also reinforce the institutional context. Secondly, the reinforcement of the rule of law is essential for controlling the environmental quality. Independently of the policies adopted (taxes, subsidies, emission standards, etc.), to achieve the goals of sustainable development, it is crucial that the rules are clear, applied, and enforced. In turn, increasing pollution does not necessarily call for environmental awareness that, for some of the countries, could mean the weakness of environmental regulations and unenforced rule of law. Finally, it could be difficult for policy makers to address directly the relationship between economic growth and pollution and vice versa. The countries' patterns to reach a high level of income are very different and it is not easy to disentangle a significant relationship between growth and pollution that can characterize all the countries. This could explain the reasons why some countries are so reluctant to adhere to international protocols to reduce their pollution levels.
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